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Abstract—I. Proteins and polysaccharides were isolated from the shelis of molluscs; blue mussel, Mytifus
edulis, chambered nautilus, Nautilus pompifius, and red abalone, Haliotus rufescens.

2. N-acetyl glucosamine was detected in nautilus but not mussel or abalone.

3. Amino acid analysis of protein fractions was completed for the three molluscs and purified proteins

from the mussel were partially sequenced.

4, Calcium binding studies were carried out with some of the protein fractions.

INTRODUCTION

The formation of molluscan shell structures or com-
posites containing calcium carbonate involves control
over crystal morphology, size, density, and orien-
tation at the molecular level that is at present
unattainable synthetically. The organic portion of
most mollusc shells, consisting of 0.1-5% by weight
of the total structure (Hare and Abelson, 1963), is
postulated to be the source of this control (Witbur,
1964; Krampitz et al., 1976; Lowenstam and Weiner,
1989; Wheeler and Sikes, 1989). =~

A review of the literature shows a variety of
compositions and functionalifies assigned to this or-
ganic portion, termed the matrix, including proteins;
specifically proteoglycans (Weiner er al, 1983),
phenyloxidase crosslinked- proteins (Gordon and
Carriker, 1980), and phosphoproteins (Sikes and
Wheeler, 1983; Swift er al., 1986; Veis ez al., 1986),
polysaccharides; specifically chitin (Jeuniaux, 1963;
Peters, 1972), sulfated mucopolysaccharides (Simkiss,
1965; Crenshaw and Ristedt, 1976), and neutral and
amino sugars (Hare and Abelson, 1965; Crenshaw,
1972); and lipids (Beedham, 1958). Characterization
of the matrix composition varies with species of
mollusc (Hare and Abelson, 1965; Meenakshi ¢r af.,
1971; Weiner- and Hood, 1975; Krampitz et al.,
1976) and methodology (Krampitz et al, 1983b).
Attempts to characterize this organic matrix have
focused on a soluble proteinaceous fraction with
acidic functionality isolated mainly from Mercenaria
mercenaria, Crassostrea virginica, or Mytilus califor-
nianus (Crenshaw, 1972; Krampitz et al, 1976;
Weiner, 1981) which inhibits crystallization (Weiner
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and Hood, 1975; Weiner, 1981; Sikes and Wheeler,
1983).

To begin to understand the mechanisms involved
in the biomineralization process, a detailed analysis
of the organic matrix of three molluscs, Myrilus
edulis, Nautilus pompilius and Haliotus rufescens was
performed. M. edulis was, in part, chosen for the
complexity of the shell, which consists of an inner
nacreous layer of aragonite, a pailial calcitic layer,
and an outer prismatic layer of calcite (Gregoire,
1961, 1972; Kennedy ef al., 1969; Carriker, 1978).
Comparisons were made with partially analyzed
matrices of N. pompilius and H. rufescens isolated in
the same way. The nautilus shell structure lacks the
pallial calcitic layer and the outer prismatic layer,
containing, instead, an outer aragonitic layer.

The objective of this work was to analyze the
organic macromolecules, including polysaccharides

-and individual proteins from the organic matrix

isolated from these molluscs. This analysis was to
help us begin to understand relationships between
protein and polysaccharide struciure and mineral
binding function through comparison with other
species having different shell structures. Amino acid
composition, N-terminal sequence, glycoprotein
analysis, and polysaccharide composition were as-
sessed using microanalytical methods.

MATERIALS AND METHODS

Matrix purification

Live specimens of M. edulis were collected locally
(Marshfield, MA), maintained in seawater and pro-
cessed within 24 hr of collection. Soft tissue was
removed, the shells were scrubbed with 5% NaQOH to
remove the periostracum and any adhering organisms
and then lightly crushed in a mortar and pestle. The
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crushed shell was ground to a fine powder in a freezer
mill under liquid nitrogen and stored at —70°C.
N. pompilus shell was provided by M. Sarikya (Uni-
versity of Washington, Seattle) and H. rufescens was
purchased from the Abalone Farm (Cuyurcus, CA).
The abalone was treated in a similar fashion to the
mussel. The nautilus extracts were prepared from
previously dried shell.

Extractions were carried out over 3 days by stirring
40 g of powdered shell -at room temperature in two
liters of 5% acetic acid under vacuum, according to
Furlong and Humbert (1992) and the supernatant
discarded afler determining there was no protein
present using a bicinchoninic acid assay (Smith et al,
1985). The pellet was redissolved in 10 mi of Milli-Q®

water and spun 3—-5 min at 5000 rpm to separate the -

soluble matrix (supernatant) from the insoluble
matrix (petlet). The supernatant and pellet were then
transferred to separate microfuge tubes and dried in
a Speed-Vac (Savant Instruments, Farmingdale,
NY?). This process rendered some of the previously
soluble material insoluble. -

Matrix characterization

Protein -content of the purified soluble. matrix
material was determined by bicinchoninic acid assay.
Protein content of purified insoluble matrix material

was determined by elemental carbon, hydrogen, and -

nitrogen ‘analysis performed by Oneida Research
Services (Whitesboro, NY).
Polyacrylamide gel electrophoresis (PAGE) and

Western -blotting to PVDF membranes were per-

formed on a Novex® Gel Electrophoresis system
(Novel Experimental Technology, Encinitas, CA),
with Novex® Tris-Gly and Novex® Tricine
buffers and gradient gels used for PAGE and Novex®
Carbonate, Novex® Tris-Gly buffer, and a calcium
rich transfer buffer (McKeon and Lyman, 1991) used

for Western transfer. The 95 kDa protein only tfans- -

ferred well in a semi-dry blotting apparatus manufac-
tured by Integrated Separation Systems (Natick,
MA) using their gradient buffer system. In an attempt
to identify calcium binding proteins, SDS-PAGE gels
were also stained with Stains-All (1-ethyl-2-(3-[1-
ethylnaphtho(1,2-d)-thiazolin-2- ylidene]-2-methyl-
propenylmaphtho(l,2-d)-thiazoliumbromide) (Sigma
Chemical Co., St Louis, MO) (Campbelt ez al., 1983),
or with Alcian Blue (Sigma) to identify phospho-
proteins (Butler ef al., 1981).

Amino acid analys:s of the purified matrix, as well
as protein bands purified by PAGE and Western
transfer, was performed by derivatization after hy-
drolysis, and reverse-phase HPLC using the Waters
Pico-Tag® method (Waters, Division of Millipore,
Milford, MA). Analysis of individual protein bands
transfered to PVDF membranes was by the method
of LeGendre and Matsudaira (1988), while the
standard manufacturer’s protocols (Cohen et al,
1989) were used for the total, soluble, and insoluble
matrix proteins of both the mussel and nautilus.
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Controls consisting of 2 section of membrane without
protein were run with each sample to correct for
background.

Protein bands purified by PAGE and Western
transfer were also N-terminally sequenced by Edman
degradation on an ABI470A gas phase. sequencer
(Applied Biosystems Inc:, Foster City, CA) using the
Blott cartridge. A polyclonal antibedy {provided by
Steve Benson, University of California, Hayward,
CA) 'to the sea.urchin spicule matrix was used to
screen the isolated protein fractions.

Glycosylation of purified matrix proteins was de-
termined by microanaiysis by gas-liquid chromato-
graphy (GLC), based on . the method of Chaplin
(1982). A 20 uI aliquot -of 0.001 M mesocinositol was
added to <1mg of material, either shell- powder,
purified matrices ‘or. protein - bands excised from
PVDF membranes, and the mixtures dried over P,Q;
in a vacuum chamber with aspiration. A 3%
methanolic hydrogen chloride solution, 150 g1, was
added and the mixtures were stirred magnetically and

heated at 70°C overnight in a Reacti-Therm Heat- -/

ing/Stirring Module in vials capped with Teflon-lined

septa. T-butanol, 30 ul, was added to each vial and
volatiles were removed with a stream of oxygen-free
nitrogen at room temperature. To ensure -complete
N-acetylation of any amino sugars present; re-N-
acetylation was carried out by addition of methanol,
150 ul; pyridine, 15 pl; and acetic anhydride, 15 ul.
After 15min at room temperature, volatiles were
again removed with oxygen-free nitrogen. Tri-Sil Z
{Pierce Chemical Co., Rockford, IL) (100 z) was
added to each vial and the mixtures were stirred for
1hr at room temperature. Controls -consisted of
known glycoproteins and PVYDF membrane. -

Calcium bindirig

Calcium binding was assayed using a modification
of a procedure from Maruyama et al. (1984). Protein

“fractions purified from the matrix were blotted on to

nitrocellulose and dried at room temperature. The
nitrocellulose was washed for 1hr in 60 mM KCI,
5mM MgCl, and 10 mM imidazole—HCI (pH 6.8).
The membrane was washed for 15 min in the same
buffer containing 5mM **Ca®+ and rinsed with 50%
EtOH. After drying, the membrane was placed in
a film cassette with X-ray film and exposed for
2448 hr before developing. Phosvitin (Sigma), an
eggshell protein, was used as a positive control and
aprotinin (Sigma), a protease inhibitor, as the nega-
tive control . .

RESULTS

Total soluble protein content of the mussel shell is
0.3-0.5% by weight when determined by bicin-
choninic acid assay. Insoluble material, determined to
be 100% protein by elemental analysis (Table 1),
accounts for 2-5% of the shell by weight; together,
the soluble and insoluble proteins make up about
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Table 1. Elemental analysis of mussel shell insoluble matrix

. Carbon Hydrogen  Nitrogen
Sample No. (%) (%) (%)
1 41.64 5.65 17,23
2 41.44 5.59 17.24
Totatl protein (average) 7% )

Total protein is calculated by usiﬁg an average value of 6.25%

nitrogen, which can vary with aminb acid content, explalmng why :

total protein is greater than umty 5

1-5% of both the mussei and nautilus shells. ‘The
amino acid composition of the total protein extracted
from the three shells is shown in Table. 2. The: data
indicate that Gly, Ala, Ser, and Asx’ predommate,

with Gly comprising the major mole percent in all

cases. The Asx content is 8.5, 8.9, and 19.7% for
nautilus, mussel, and abalonc whole shell extract
respectively.

The soluble protein pomon of the mussel matrix -

has six major protein components and a number of
minor components. The major ‘components were
identified by SDS-PAGE; in the absence of reducing
agents, the primary bands run at about 95, 45, 25, 21,

14 and 5kDa (minot bands were present at 200,185,

100, 69 ‘and ‘19 kDa) (Fig- 1). Adding 2-mercap-
toethanel to the sample buffer modifies many of the
bands (Fig. 1). The four highest molecular weight
bands were assayed and reacted with the sea urchin
matrix antibody. Figure 2 fllustrates a comparison of
protein bands for the soluble proteins isolated from
the mussel, nautilus, and abalone under non-reduced
and reduced conditions. The principal bands from the
nautilus were 2145, 40, 18, 15 and 3 kDa (minor band
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Table 2. Comparison of amino acid compo-
- sitions iotal protein matrix from three molluscs

Total Total Total

mussel nautilus  abalone

Amino acid  tnatrix matrix matrix
Gly 30.5 30.6 22.8
Ala 249 24.0 13.7
Ser 92 9.3 89
Asx . B9 8.5 19.7
Leu 5.1 2.1 35
Glx . 38 53 51
Arg 129 5.0 53

. Lys 20 <1.0 22
“Val 2.7 2.1 32
Phe 1.9 50 29
Tyr 22 15 3.0

" Tle 1.6 1.5 1.4
" Thr 13 1.5 24
Pro | 1.2 1.3 4.1
Met - <140 <10 <1.0
"His <10 <1.0 <1.0
Cys <10 <1.0 <1.0

Figures given are mol%, not adjusting for
Trp, which cannot be detected by che—Tag
ana1y51s

at 30 kDa) under non-reduced conditions, and from
the abalone at 28 kDa (minor bands at 69,38, 20, 17,
14, 7 and 5kDa). In general, the bands were more
diffuse from the abalone preparations than the nau-
tilus and mussel.

Amino acid analysis of some of the soluble proteins
from mussel shell is reported in Table 3. The lower
molecular weight proteins have similar compositions
with an abundance of Gly, Asx, and Ser residues,
except for the 21 kDa protein, which also has a
'signiﬁcan‘_t Phe and_ Lys component and the 45 kDa
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Fig. 2. Tricine SDS 10-20% gradient gel, 125 V, %0 min, 6 ug protein loaded per lane, stained with

Coomassie Blue. Lanes { and § are Rainbow® molecular weight markers (Amersham, Arlington Heights,

TL), sizes as indicated. Lane 2 is the mussel matrix reduced, lane 3 is the mussel matrix non-reduced, lane

4 is the nautilus matrix reduced, lane 5 is the rautilus matrix non-reduced, lane 6 is the abalone matrix
reduced, and lane 7 is the abalone matrix non-reduced,

which has an abundance of Glx. The amino acid com-
position of the 95 and 200 kDa mussel proteins are
very similar, with an abundance of Gly, Glx, and Asx.
Analysis of glycosylation of the four highest molecu-
lar weight proteins isolated from the mussel shell
soluble proteins found only the 95 kDa protein is glyco-
sylated. This peptide contained N-acetyl glucosamine
and glucose in an approximate ratio of 1:7 based on
peak areas. Alcian Blue staining of the individual bands
revealed no evidence for phosphorylated proteins.

Table 3. Amino acid composition of individual proteins from the
) mussel soluble matrix :

Molecular weight (kDa} .

Aminoacid 200 95 45 200 14 75 . SM5D
Giy 140 85 130 197 263 263 222
Ghx 94  9F W1 48 43 58 . 138
Ser 82 82 76 95 112 Ml :38
Asx 1.8 154 107 . 88 - 77 . 817 --88%
Ala 71 64 49 - 53 59 68 47
Leu 59 80 61 51 68 81 . L8
Arg 58 56 55 36 57 45 65
Val 51 50 60 32 32 .42 59 -
Lys 55 67 68 93 38" 46 <LO0 -
Pro 70 50 68 72 - 47036 145
Thr 65 81 66 52 40 ‘37 18
Ile 43 57 46 45 56 52 14
Phe 27 33 34 101 45 3% 38
His 11 <10 19 <16 .18 . 10 00
Tyr* 27 18 46 25 .32 27 20
Met* 25 18 <10 <L <10 <10 54
Cys* <10 <10 10 <10 13 13 11

Figures given are mole %, not adjusting for Trp, which cannot be
detected by Pico-Tag analysis. *Indicates amino acids most
sensitive to.PVDF membrane procedure. Figures in last column
are from published data on sea urchin SM50 protein given in mole
percent and translated from genetic sequence data of Kaioh-
Fukui et al., 199],

The composition of the total soluble matrix of the
three species (mussel, nantilus and abalong} (Table 4)
shows a predominance of Gly, Asx, Ser, and Ala.
There are some similarities to the sea urchin matrix
in that Gly, Ser, Asx and Ala predominate, along
with Glx. The soluble matrix from the abalone
contains a high content of Asx, 41%, with a Asx plus
Gly total of 76%. In comparison, the nautilus and
mussel soluble matrices contain only 13 and 14.6%
Asx, respectively. :

- N-terminal sequences of the 45, 21 and 5kDa
bands are reported later (two letters separated by a

Table 4. Comparison of amino acid compositions of soluble matrices
" from the three molluscs

Soluble Soluble Soluble Soluble
Amino musset . nautilus abatone sea urchin
-acid ‘TRAtFiX matrix " matrix spicule
CGly o300 113 - 355 213
Ala 0168 %132 0 . 28 8.3
Ser o 99 9.6 34 12.5
Asx 146 13.0 41.0 11.0
Len 33 . 29 <1.0 . 4.2
Gix .50 S 6.6 3.1 12.1
Arg ~o U3 T 28 1.9 2.3
Lys 2.5 1.5 .29 33
Yai . - 21 o 26 1.1 34
Phe T LS 34 <1.0 . 1.8
Tyr 27 . 2.2 <L 13
e 1.1 1.2 <1.0 2.5
Thr 1.6 34 2.3 44
Pro 2.6 43 23 4.5
Met 2.7 < LG <1.0 <10
" His <1.0 < 1.0 <1.0 37
Cys <10 <10 C<1.0 29

Figures given are mole %, not adjusting for Trp, which cannot be
detected by Pico-Tag analysis. Comparative data for the sea
urchin, Stronglyocentretus purpuratus is from Benson et al., 1986.
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slash indicates ambiguity in the sequence). The
14 kDa band consisted of more than one peptide, but
the dominant sequence was identical to residues 1-9
of the 21 kDa band. None of these sequences has
significant homology with the sea urchin SMS50 pro-
tein (Benson ef af., 1986; Katoh-Fukui et al., 1991).
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most prominent periostracal bands are at 35
and 16 kDa under non-reducing conditions, and 35,
16 and 10kDa when reduced. Also, the amino
acid composition of the isolated proteins bear no
resemblance to that reported for periostracum (Waite
et al., 1979).

45kDa: V-G-Y-M-G—V-R-P-P-8-L-K-Q

21 kDa: K-H-F-A-F-F-G-Q-P-5-Y-N-A-F-N-R-N-K-F-M-T-D-F-M-T-T-F- N-Q-{
5kDa: A/F-N-T/G-D-R-N-D-L-1-A-V-A-G/K-L.

Extraction of the insoluble portion of the matrix by
grinding, boiling and subsequent centrifugation
yields additional soluble material with the same
amino acid composition as that described above for
the soluble matrix in Table 4. Some of the matrix
remains insoluble even after these additional treat-
ments. The amino acid compositions of the insoluble
matrix from mussel, nautilus and abalone (Table 5)
indicate a predominance of Gly, Ala, and Ser residues
similar to the 62.6% reported for insoluble spider
dragline silk (Table 4). The abalone insoluble matrix
contains 19.2% Asx. No chitin was detected in the
insoluble material from the mussel or abalone, or the
whole shell from the mussel or abalone, by hydrolysis
and gas chromatographic analysis for N-acetyl
glucosamine., Chitin, as N-acetyl glucosamine, was
detected in the nautilus shell and a shrimp shell
control (Fig. 3).

None of the mussel shell proteins isolated is a
periostracal proteins. This was precluded by removal
of the outer shell layer during preparation of the
shell material for purification of matrix. A control
preparation of periostracum scraped from the outer
shell revealed bands which do -not correspond to
any of the proteins purified from the matrix. The

Table 5. Comparison of amino acid compesitions of insoluble
matrices from the three moltuscs.

Insoluble Insoluble Insoluble Insoluble
Amina mussel " nantilus abalone spider
acid _-'matrix " matrix matrix sitk
Gly 30.7 e 220 k18
Ala 252, . 229 133 218
Ser . 9.5 . 94 7.3 4.5
Asx 7.5 8.6 i9.2 © 235
Len 58 co21 34 3.8
Gix 3.5 - 53 . 5.3 92
Arg 28 5.1 T35 1.6
Lys - 1.9 <10 12 <10
Val 2.8 2.1 3.5 1.8 -
Phe . .20 4.8 3.2 —
Tyr 21 1.6 4.0 2.9
Te.” -~ .19 - 1.3 CT <1.0
Thr 14 6 . 24 . .17
Pro 13 4 5.2 Co43
Met <iH <hL0.~ <10 <10
His <10 <O 0 <l . -
Cys <t.0 <t.0 < 1.0 <10

Figures given are mole %, not adjusting for Trp, which cannot be
detected by Pico-Tag analysis. Comparative data for the spider
dragline silk, Nephila clavipes, is from Lombardi and Kaplan
(1990). '

Both total soluble matrix and total insoluble
matrix from the mussel bind calcium under the assay
conditions studied. The method of preparation was
with acetic acid since artifacts due to EDTA extrac-
tion methods have been reported (Weiner, 1979;
Wheeler et al., 1987). None of the individual proteins
isolated from the matrix bound calcium under the
assay conditions, the 95, 45, 21, 14 and 5 kDa bands
gave a positive (blue) response to differential staining
with Stains-All, sensitive to calcium binding. The
proteins used as molecular weight markers gave a
negative (pink) response. The 200 kDa band did not
stain at all with Stains-All, but did stain with
Coomassie Blue.

DISCUSSION

No glucosaming or N-acetyl glucosamine residues,
which would indicate the presence of chitin or chi-
tosan, were detected during GLC analysis of the
mussel shell insoluble material, or the powdered shell
itself. This supports the conclusion from the elemen-
tal analysis that the matrix is composed almost
completely of protein. :

The molecular weight patterns and the modifi-
cation of the bands upon addition of 2-mercap-
toethanol to the sample buffer suggest that some of
the proteins isolated from the mussel shell matrix may
consist. of subunits of the smaller proteins. Amino
acid analysis of the 200 and 95kDa proteins also
suggests they are similar and further supports the
subunit hypothesis. The identical partial sequence
data collected for the 21 and 14kDa proteins also
indicate possible subunits of smaller protein peptides.

~Amino acid analyses of some fractions of the
molluscan matrix have been reported. These include
analyses by Hare and Abelson (1965) (Mercenaria
mercenaria, Mytilus californianus, Mytilus edulis,
Mpytilus - veridus, Protothaca grata, Sanguinolaria
nuttalli, Tagelus californianus and Tivella argentina);
Meenakshi et al. (1971, 1975) (Campeloma decisum,
Littorina irrorata, Nassarius obsoletus, Pila virens,
Polinices duplucatus, Pomacea paludosa and Thais
Aoridana); Crenshaw (1972) (Mercenaria merce-
ngriag); Weiner and Hood (1975) (Crassostrea irre-
descens, Crassostrea virginica, Mercenaria mercenaria
and Nautilus pompilius); Weiner er al. (1976)
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Fig. 3. Gas-chromatographic analysis of (a) ¥-acetyl glucosamine standard, {b) insoluble nautilus matrix,
(c) pre-hydrolyzed shrimp chitin, and (d) insoluble mussel matrix. Mesoinositol (*) is used as the internal
standard (14.28 min). A ‘single arrow indicates the position of the N-acetyl glucosamine peak (13.89).

{Neotrigonia . margaritacea and  Scabrotrigonia
thoracica); - Weiner (1982) {Nautilus repertus);
Krampitz et al. (1983a) (Crassostrea gigas); and
Wheeler and Sikes (1989) (Crassestrea virginica).
Unlike the data reported here, none of these analyses
are on individual proteins isolated from the organic
matrix present in the shell. :
The composition of the total soluble matrix
(Table 3) bears some similarity to the spicule matrix
from: Strongylocentrus purpuratus (Benson er af.,
1986), especially in the percentages of Gly, Ala, Ser,
Asx, and Glx, which total 65.2%. The amino acid
composition of some of the 95 through 5kDa pro-
teins suggests that they may be the acidic fraction
often referred to in the literature as having an influ-
ence on crystallization (Weiner, 1981; Addadi and
Weiner, 1985, 1986; Berman er af, 1988). Some
researchers report difficulty in staining these types of
acidic proteins (Weiner, 1982); however, when poor
staining was observed in the current study it was

often attributable ‘to insufficient protein concen-
tration. Butler ef al. (1981) was able to stain acidic rat
glycoproteins with Coomassie Blue and Weiner et a/.
(1977) had cariier reported staining of Mytilus pro-
teins with Coomassie Blue. Comparison of the iso-
lated proteins with the 50kDa protein from sea
urchin spicules sequenced by Sucov ef al. (1987) and
corrected in Katoh-Fukui er al. (1991) (Table 2)
shows few similarities. Of particular note is the
absence of 2 high percentage of proline reported in
the sea urchin protein.

Comparison of the two unambiguous sequences
(45 and 21kDa proteins) on Lasergene® software
(DNASTAR Inc., Madison, WI), especially with
Kyte—Dootlittle hydrophobicity plots, suggests that
these may be membrane proteins, although the se-
quence examined is too short for any conclusive
determination (Fig. 3). At least with the 21 kDa
peptide a hydrophobic domain of 14 amino acids is
noted, although this is still not of sufficient length to
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Fig. 4. Lasergene® analysis of protein sequences. Top sequence is the 45 kDa protein, bottom is the 21 kDa
T " protein.

form a transmembrane segment. Membrane proteins
would be consistent with a mineralization model in
which crystallization occurs within vesicles at the
mineralization front or surface. Also, some extended
beta-sheet secondary structure domains are evident in
these analyses.

The amino acid compesition of the insoluble
matrices indicates a predominance of Gly, Ala, and
Ser, which is characteristic of silks. A comparison of
the amino acid compesition of the insoluble matrix to
spider dragline silk indicates strong similarities
(Table 5). These data are also in good agreement,
taking into account differences in methodology, with
the amino acid composition reported by Hare and

Abelson {1965) for the insoluble M. edulis matrix; no
previous reference to amino acid analysis of insoluble
N. pompilius matrix was found. A beta-sheet structure
has been suggesied as a key scaffolding element in the
organic matrix of the mollusc shell based on X-ray
diffraction analysis (Weiner and Traub, 1980, 1981),
and the composition of the mussel, nautilus, and
abalone shell insoluble matrices reported here sup-
ports this hypothesis. The finding that the soluble and
insoluble matrices have similar amino acid compo-
sitions, coupled with the fact that, with additional
treatments, additional soluble material was released
from the insoluble fraction, may indicate that these
are, in fact, the same material.
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If we assume that the bulk of the Asx (8-11%) is
Asp, then this suggests a role for anionic proteins in
binding calcium in both the total soluble and insolu-
ble matrix. Tt should be noted that the assay used
characterizes calcium affinity of proteins immobilized
on membranes, which may be different from calcium
affinity of protein free in solution (Wheeler and Sikes,
1989). In addition, the assay does not consider inter-
actions with other macromolecules which may be
present in vivo. This immobilization assay may still be
more representative of in vivo conditions than free
selution measurements if immobilized proteins .are

responsible for the initiation of crystallization, as. .
suggested by Linde ef al. (1989). Aside from differ-,

ences in free solution vs immobilized conditions for

the assay, subtle changes in protein conformahon i

under the assay conditions could also' impact on
caleium binding affinity. Additionally, our initial
studies on calcium binding were carried out with
protein fractions that had been isolated from
mollusc shell matrices using the traditional EDTA
methods. However, subsequent analysis . of the

purified protein fractions by mass. spectroscopy. re-

vealed residual EDTA bound to the proteins which
could confound calcium binding studies. This poten-
tial problem was eliminated by using the acefic acid
preparations.

Chitin is postulated to be a key structural element
and the primary polysaccharide in molluscan shells,
according to biomineralization theories (Lowenstam
and Weiner, 1989; Wheeler and Sikes, 1989; Simkiss
and Wilbur, 1989). Chitin is proposed in these the-
ories to function as an insoluble scaffolding element,
which interacts with proteins to form appropriate
molecular recognition sites for initiating crystalliza-
tion of calcium carbonate. We find no evidence for a

significant chitin structural element in ‘two of these

composite shells (mussel and abalone) after charac-
terization by chromatographic techniques. The only
evidence for chitin in these systems is N-acety! glu-
cosamine derivatives in the nautilus shell and trace
levels of ghicose and N-acetyl glucosamine deriva-
tives associated with some glycoproteins in the sol-
uble portion of the mussel shell macromolecular
organic matrix.

Initial studies reporting chitin as a component in
mollusc shells used indirect measures for identifying
N-acetyl glucosamine, including enzymatic and siain-
ing methods (Jeuniaux, 1963; Peters, 1972; Goffinet
and Jeuniaux, 1979). No detailed chromatographic
study has been conducted to describe more fully the
polysaccharide components and their function in
these systems. In this study, no N-acetyl glucosamine
derivative was detected in the insoluble mussel (M.
edulis) matrix, insoluble abalone "(H. rufescens)
matrix, powdered whole mussel shell, or the resicue
left after treating M. edulis matrix for the sermimicro
estimation of chitin {Hackman and Goldberg, 1971),
which is presumed by the assay to be chitin. An
N-acetyl glucosamine derivative peak did appear in
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both the prehydrolyzed shrimp chitin (positive con-

-trol) and the N. pompilus shell as reported by Weiner

and Traub (1980). The lack of detection of an
N-acetyl glucosamine derivative in these analyses is
strong evidence for the absence of chitin.

The absence of chitin in our analysis of mollusc
shells is partly supported by Peters (1972), who found
no chitin in M. edulis shell, but did find chitin in
Haliotis lgmellosa, the only abalone species he re-
ported. He did not exarine a Nautilus species. Peters
used KOH hydrolysis, followed: by an iodine color

test of the reaction products. Richards (1951) indi-

cated that this test is sensitive to the degree of
hydrolysis, making the results variable on the same
substrate. Goffinet and Jeuniaux (1979) report chitin
in M. edulis, N. pompilius and H. tubereulata, using
an ‘enzymatic method (feuniaux, 1966). A close
examination of this method reveals: that it relies on
B-glucosidase, which in pure preparation should not
degrade chitin (personal communication, Elwyn
Reese, this center), or lobster blood serum, where the
concentration of chitin-degrading enzymes is un-
known, to digest chitin for use in a colorimetric assay
for hexosamines. This particular colorimetric assay
gives false positives in the presence of certain amino
acids, particularly L-lysine (Dische, 1962). Amino
acid analysis of M. edulis samples isolated in the
present study shows lysine composed 1.9 (insoluble)
and 2.5 (soluble) mole percent of the matrix. There-
fore, it is not surprising that the assay gives a positive
result with every calcified layer of mollusc shell
examined, or about 150 species (Poulicek et al., 1986),
since virtually 100% of the macromolecular matrix is
protein containing lysine. Dische (1962) recommends
gel filtration chromatography to eliminate this
interference.

These findings call into question the prermse that
a polysacchande scaffolding is involved, along with
proteins, in biomineralization processes in all mol-

“luscs. It is possible that chitin scaffolding may exist

in some species, specifically the Nausilus (Class
Cephalopda); however, it should not be considered a
necessary or universal component of mineralizing
matrices, as both the Mysifus (Class Pelecypoda) and
Haliotis (Class Gastropoda) shells contain nacre, but
no chitin. /» vivo conditions for mineratization may
be more complex than suggested by models of matrix-
mediated crystallization, which assign structural sup-
port to a chitin-based polysaccharide coupled to a
silk-like protein component (Weiner er 4/, 1983;
Weiner and Traub, 1984). In addition, the finding of
similarities in composition between the soluble and
insoluble protein fractions raise questions concerning
the distinctions often ‘ascribed to these fractions in
most mineralization models; insoluble scaffolding
proteins and soluble binding/recognition proteins.
Further research on the structural, temporal and
molecular recognition’ issues associated with the
matrix macromolecules may reveal that more com-
plex interactions, such as between several organic
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components, may be required to mediate controlled
crystal growth in molluscan shells. This level of
understanding may be required before biomimetic
approaches to this process can be fully realized.
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